Introduction: Graphene, a two dimensional single sheet of carbon atoms with excellent electronic properties, has attracted tremendous research efforts because of its high carrier mobility and velocity [1] [2] [3] [4] [5] [6] . While the lack of a bandgap in graphene makes its use challenging for digital applications, significant progress has been made on graphene analog devices for radio-frequency (RF) applications, where a high on/off ratio is not necessarily required. Recently, graphene RF transistors [6] [7] with a cut-off frequency as high as 100 GHz have been demonstrated [3] . Future advances in the RF performance would rely on the proper scaling of the graphene channel. Despite extensive theoretical efforts, a systematic experimental scaling study has been largely lacking. In this paper, we present experimental studies on transport characteristics of graphene FETs with channel lengths down to 70 nm. The factors limiting the performance of short channel graphene devices are discussed. RF performance of a sub-100 nm graphene transistor fabricated on epitaxial graphene grown on a SiC substrate is also presented. A cut-off frequency as high as 170 GHz is achieved in a 90 nm graphene FET using a scalable top-down fabrication processes. Our results indicate that further improvement of RF performance of graphene FETs can be enabled by channel length scaling with structure optimization and contact resistance reduction. Experiments: 20nm Pd/30nm Au by e-beam evaporation is used as the contact metal. NFC/HfO2 is used as the top gate dielectric for top-gated RF devices [3] . Results and discussion: The carrier density dependence of the total resistance of a 1μm and a 70 nm device at V ds =10 mV at room temperature is shown in Fig. 2 and Fig. 3 . The mobility can be extracted by model fitting [8] . The quantum capacitance and the impact of gate field on contact resistance are not considered here. Fig. 4 and Fig. 5 show the output characteristics of the 1μm and 70 nm device at room temperature and low temperature. Fig. 6 summarizes the temperature-dependent transfer characteristics for the 70 nm device. The transconductance is increased by almost 40% when measured at low temperature as shown in Fig. 7. Fig. 8 summarizes the temperature dependence of carrier mobility. The decrease of effective mobility as the channel gets shorter is a strong signature of quasi-ballistic transport. [10] [11] [12] . Fig. 9 summarizes the temperature dependent contact resistance of the three different devices. The reduction of contact resistance would greatly benefit the DC and RF performance, especially for short channel devices. In order to evaluate the performance of short channel graphene devices for RF applications, a "virtual source" model, which was originally developed for Si MOSFET [9] , is adopted here after incorporating the effect of residual doping at the Dirac point, drain-induced doping effect
at high drain bias, and the carrier density relation with gate voltage for graphene FETs. The parameters such as contact resistance, mobility and residual doping used in this model are based on the values extracted from the low-field mobility fitting as shown in Figs. 2 and 3. As shown in Fig. 10 and Fig.  11 , excellent agreement is obtained between simulation and experimental results for both the transfer and output characteristics of the 70 nm device. The impact of the contact resistance can be witnessed in Fig. 12 , where a simulated output characteristic for this device with zero series resistance is shown, exhibiting greatly improved on-current as well as the saturation behavior. As shown in Fig. 13 , transconductance can be improved by 4 times for the 70 nm device by reducing the contact resistance, which is much more significant than the long channel case. Fig. 14 shows the RF device fabricated on epitaxial graphene grown on the Si-face of a SiC wafer. The gate length is 90 nm, and the ungated channel length between source and drain is roughly 80 nm. Fig. 16 shows the dc transfer characteristic of the 90-nm-gate graphene FET. The cut-off frequency of this device is as high as 170 GHz at a drain voltage of 2.2V as shown in Fig. 17 . It is noted that the device performance here is limited by the series resistance, including the contact resistance and the access resistance associated with ungated region. It is expected that the cut-off frequency can be enhanced to as high as 350 GHz for this 90-nm gate length using a self-aligned gate structure.
Conclusion:
We have experimentally demonstrated the high performance short channel RF graphene device with cut-off frequency of 170 GHz on epitaxial graphene on SiC. We have also studied performance improvement by reducing contact resistance at lower measurement temperature for short channel device. The study shows continuous performance improvement can be achieved by proper channel length scaling and structure optimization such as self-aligned gate and technological solutions for contact resistance reduction. 
